Objectives Studies have shown that inhaled mine dust,
Abstract
Objectives Studies have shown that inhaled mine dust, such as asbestos, can be translocated to various organs including the lymph nodes. Recently, we have established a protocol that enables us to identify inhaled elements using paraffin embedded lung specimens by in-air microparticleinduced X-ray emission (micro-PIXE). However, little research has examined the concentration of these inhaled fibers in various organs or the mechanisms of their translocation. In this study, we compared the concentration of inhaled fibers in the lung parenchyma to the concentration in the hilar lymph node as well as to determine the elemental spatial distribution of the inhaled fibers in a patient with occupational asbestos exposure.
Methods Lung tissues and hilar lymph node in a patient with asbestos exposure were used in this study. Elemental analysis was performed by in-air micro-PIXE. Immunohistochemical analysis was performed using anti CD163, smooth muscle actin, vimentin and b-catenin antibody.
Results The analysis revealed that the amount of inhaled silicon was approximately 6 times higher in the lymph node than in the lungs. The spatial analysis showed that silicon, iron and aluminium were co-localized in the hilar lymph node. The immunohistochemical analysis showed localized agreement of the inhaled fibers with macrophages, smooth muscle actin, and vimentin in the hilar lymph node. Conclusions This study showed that in-air micro-PIXE could be useful for analyzing the elemental distribution and quantification of inhaled fibers in the human body.
Furthermore, immunohistochemistry in combination with in-air micro-PIXE analyses may help to determine the mechanism of mine dust distribution in vivo. 
Introduction
The distribution of inhaled asbestos in the human body is frequently analyzed by electron microscopy of biological tissue [1, 2] . This method has shown that silicate particles and asbestos tend to be more concentrated in the hilar lymph nodes than the lung parenchyma [2, 3] . This may be because the lymphatic ducts relocate fibers from the lung parenchyma to the hilar lymph nodes as well as the pleura and more distant lymph nodes [4] . However, the mechanism for transporting these inhaled fibers has not been established. In recent years, microparticle-induced X-ray emission (micro-PIXE) has been applied to measure the elemental composition and concentration of elements in biological samples [5] . We have established a protocol that enables us to identify inhaled atomic elements using paraffin embedded lung specimens while simultaneously leaving the samples unchanged [6] . The protocol involves specific approaches to determine the concentration of atomic elements and their distribution in tissue.
Several hypotheses regarding asbestos-induced carcinogenesis have been proposed. For example, epithelial to mesenchymal cell transition (EMT) has been shown to be an important process involved in the progression of carcinogenesis and fibrosis caused by inhaled fibers such as asbestos [7, 8] . Furthermore, an in vitro study showed that A549 lung cancer cells exposed to asbestos exhibited smooth muscle actin (SMA) expression [9] and the lungs of rats exposed asbestos showed an increase of SMA expression by immunohistochemistry [10] .
In this study, we used in-air micro-PIXE to quantify inhaled fibers in the lung parenchyma and the hilar lymph nodes of a patient with occupational asbestos exposure. This is the first study to use in-air micro-PIXE to compare the ratio of inhaled fibers in the lungs to the ratio of inhaled fibers in the lymph node. In addition, to gain a better understanding of the relocation mechanisms of inhaled fibers, we used immunohistochemistry for macrophages in the lung parenchyma and the hilar lymph node. Furthermore, an immunohistochemical analysis of SMA, vimentin and b-catenin was performed to examine the association between carcinogenesis and EMT in a patient with double primary lung cancers.
Materials and methods

Patients and sample preparation
A 76 year-old patient did not have any calcification of thoracic lymph node and history of tuberculosis. His work involved cutting asbestos, and he was exposed to asbestos as his work involved electrical insulation and welding for next 14 years. The patient was a former smoker with a history of smoking 55 pack-years. Double primary lung cancers were found by regular physical checkup for pleural thickening. Histologically, the tumor in the upper right lobe consisted of large epithelial cells with vesicular nuclei, which formed solid cell nests, trabecles, and small cell nests without any tubules, keratinization or rosettes. They did not express Thyroid transcription factor-1 (TTF-1), napsin, p63, cytokeratin 14 (CK14), synaptophysin, CD56, carcinoembryonic antigen (CEA), lymphatic endothelial marker (D2-40), calretinin or Wilm's tumor-1 (WT-1). The tumor was diagnosed as a large cell carcinoma. The tumor in the lower left lobe was composed of solid cell nests and cribriform structures differentiate into squamous cells. The luminal surface of the cribriform structures stained positively with Alcian blue-PAS staining, with intracytoplasmic mucin, even though they did not express TTF-1 or napsin. Consequently, the tumor was diagnosed as adenosquamous carcinoma. These pathological features suggest that both of the tumors were primary lung cancers.
Lung specimens without occupational dust exposure were analyzed in this study as a control lung. The patient was a 74 year-old woman who had undergone partial resection of the lower right lung by video-assisted thoracic surgery for early stage (STAGE IA) adenocarcinoma. She was a housekeeper with no history of smoking or occupational dust exposure. A lesion specimen from the healthy lung specimen was used for PIXE analysis. The surgically obtained paraffin embedded tissue specimens were observed using a polarized-light microscope (ECLIPSE LV100 microscope, Nikon, Tokyo, Japan). As shown in Fig. 1 , a polycarbonate membrane was placed on a glass slide and 15 lm of a paraffin embedded tissue specimen was placed and attached to the polycarbonate membrane for preparing samples of PIXE analysis. Then, the tissue specimen along with the polycarbonate membrane was cut to a diameter of approximately 10 mm. The sample was roughly trimmed to a small size (\10 mm) and placed on a circular acrylic-holder with a pinhole at the center and fixed with epoxy adhesive. In PIXE, a proton ion beam passes through the pinhole to the tissue. Deparaffinization or other specific treatments were not required prior to PIXE analysis. This study was conducted in accordance with the Declaration of Helsinki and was approved by the Gunma University Hospital Institutional Review Board.
In-air micro PIXE analysis
In-air micro-PIXE was developed to obtain distribution maps of characteristic X-rays from elements as described previously [5, 6] . In in-air PIXE analysis, an external proton beam through thin polycarbonate film is irradiated onto the sample in an atmosphere. In our study, the elemental map of S which was distributed almost uniformly throughout the tissue was used to identify the shape of the cells and to demonstrate surfactant. The Mg, Si, Al and Fe to S ratios were used to compare the inhaled atomic elements [11] .
Immunohistochemistry
All sections were incubated at 60°C for 30 min and deparaffinized in xylene, rehydrated, and incubated with fresh 0.3 % hydrogen peroxide in 100 % methanol for 30 min at room temperature to block endogenous peroxidase activity. After rehydration by means of a graded series of ethanol, antigen retrieval was performed with the ImmunoSaver antigen retriever system (Electron Microscopic Sciences, Hattsfield, PA, USA) at 98-100°C for 30 min, and sections were subsequently passively cooled to room temperature. After the sections had been rinsed in 0.1 M phosphate-buffered saline (pH 7.4), nonspecific binding sites were blocked by incubation with protein block serum-free reagent (Dako, Carpinteria, CA, USA) for 30 min. The sections were then incubated with anti CD163 antibodies in a 1:100 dilution (Novocastra, Leica Biosystems Inc., Richmond, USA) as described previously [12] , anti SMA (Dako, Carpinteria, CA, USA) [13] , anti-vimentin (Cell Signaling Technology, Danvers, MA, USA) and anti b-catenin (Carboxy-terminal, Cell Signaling Technology) antibodies at a dilution of 1:400 overnight at 4°C and incubated with secondary antibodies at room temperature for 30 min, respectively. The reactions were visualized with a Histofine Simple Stain MAX PO (Multi) kit (Nichirei Biosciences, Tokyo, Japan) according to the Fig. 1 Sample preparation using paraffin embedded lung specimen for PIXE analysis. Paraffin embedded lung specimen was fixed on polycarbonate membrane on the glass slide (a, b). The tissue specimen along with the polycarbonate membrane was cut to a diameter of approximately 10 mm and the sample was placed on a circular acrylic-holder with a pinhole at the center (c, d), and fixed with epoxy adhesive (e) manufacture's instructions. The chromogen 3,3 0 diaminobenzidine tetrahydrochloride was applied as a 0.02 % solution in 50 mM ammonium acetate-citric acid buffer (pH 6.0) containing 0.005 % hydrogen peroxide. The sections were lightly counterstained with hematoxylin and mounted.
Statistical analysis
Statistical analyses were performed using the GraphPad Prism software program version 6 (GraphPad Software, San Diego, CA, USA). The amount of each element in the lung parenchyma and the lymph node were calculated and analyzed by Bonferroni's multiple comparison test after one-way ANOVA.
Results
A 76 year-old patient who had double primary lung cancers with pleural thickness and calcification (Fig. 2a-c ) was enrolled in this study. Figure 2d shows the representative X-ray spectrum of the right and left lung as well as the right hilar lymph node obtained from in-air micro-PIXE. The elemental peaks in the right hilar lymph node seemed to be higher than those in the lung parenchyma. A 2-dimensional elemental map of each element showed that Al, Fe, Mg and Si were co-localized in the right hilar lymph node but not in the lung parenchyma (Fig. 3a) . To compare the relative ratio of each element in the lung parenchyma and the right hilar lymph node, we analyzed the elements relative to S using an in-air micro-PIXE analysis. The amount of Si in the lymph node was significantly higher than the amount in the right or left lung parenchyma (Fig. 3b) . The amount of Mg and Fe in the right hilar lymph node was significantly higher than the amount in the left lung parenchyma. The amount of Al in the lymph node was found to be 3 times higher than that in the right or left lung parenchyma. However, the differences were not significant. These results indicated that the relocated inhaled fibers were drained by the lymph ducts and aggregated in the lymph nodes. In this study, we also examined elemental analysis in the lung specimens without occupational dust exposure as a control and very low levels of Fe and Si were detected by PIXE analysis (Fig. 3b) . The elements of Mg and Al in the control lung tissue sample were under detection level by PIXE, indicating that these elements might not be distributed in the control lung tissue sample more than at least pg [14] . Since a polarized microscope showed that small fibers were visible in the hilar lymph node, we examined the role of the macrophages for transporting inhaled fibers. Figure 4a shows the immunohistochemical analysis of the anti-CD163 antibodies, a potent surface marker of macrophages. The analysis showed a strong staining pattern in the right hilar lymph node, but a weak pattern in the lung parenchyma. Figure 4a shows the co-localization between inhaled polarized fibers and macrophages. The high-power field image showed aggregation of macrophages around inhaled fibers (Fig. 4b) .
Although asbestos-induced lung cancer is different from that caused by tobacco smoke [15] , the mechanism of carcinogenesis with asbestos exposure remains unclear. The patient may have developed these lung cancers because of two factors, occupational asbestos exposure and cigarette smoking since smoking may have increased the risk of lung cancer induced by asbestos exposure [16] . Recently, EMT is thought to be implicated in carcinogenesis and fibrosis caused by asbestos exposure in vitro [9] . Since the asbestos exposure in this case occurred over 40 years prior to this investigation, we also examined the presence of SMA which is a marker of EMT to determine the effects of long-term, latent exposure to inhaled fibers. Immunohistochemistry using anti-SMA antibodies demonstrated the presence of SMA with the inhaled fibers in the lung parenchyma and right hilar lymph node (Fig. 5a) . Since high-power field imaging showed SMA expression around the inhaled fibers in the right hilar lymph node (Fig. 5b) , we examined the expression of vimentin and b-catenin as EMT markers. Vimentin and b-catenin were also expressed around inhaled fibers in the hilar lymph node similar with SMA expression.
Discussion
This study supports research by Dodson et al. indicating that asbestos fibers are found more often in the thoracic lymph nodes than the lung tissues after occupational [1] as well as non-occupational exposures [17] . The analyses conducted by Dodson et al. used electron microscopy to measure the asbestos fibers in tissues and showed that the relative ratio of asbestos fibers in the thoracic lymph nodes was about 10 times higher than that in the lung tissues. Our results are consistent with previous reports and suggest that in-air micro-PIXE is useful for examining the distribution of inhaled fibers. It was difficult to observe asbestos bodies in the hematoxylin and eosin stained sections of the lungs and hilar lymph node. Dodson et al. reported that the length of the asbestos fibers accumulating in the lymph nodes is less than 5 lm; thus, asbestos bodies are not seen in most cases [18, 19] . Consistent with this, while most of the fibers observed in the hilar lymph node using polarized light microscopy were less than 5 lm, some fibers were almost 5 lm in length (Fig. 5) . Fibers in lungs may be drained into the lymphatic nodes, and the decrease in the concentration of fibers in lungs and the shortening of fibers in lymph nodes might occur over a period [17] .
Scanning electron microscopy (SEM) or transmission electron microscopy (TEM) with energy dispersive X-ray spectroscopy (EDX) requires an electron beam, which is lighter than a proton microbeam, and these methods result in greater background noise and lesser sensitivity than PIXE analysis [20, 21] . Destructive analytical methods such as lung digestion are thought to overlook and not to detect fibers \0.2 lm diameter [22] . Previous studies compared elemental analyses of brain tissue by PIXE and SEM. In the comparison, SEM with EDX analysis could not detect the peak of Fe, Cu, and Zn levels, while PIXE could detect these elemental peaks, indicating that PIXE has more elemental analysis sensitivity for human tissues [23] . Therefore, PIXE analysis is useful for the analysis of asbestosis as well as SEM or TEM with EDX analysis. The in-air micro-PIXE technique is also beneficial because the sample can be analyzed for the spatial-temporal elemental distribution and it does not damage the tissue sample. Elemental analysis showed that light elements such as Mg tend to be visualized diffusely throughout the tissue in a two-dimensional mapping. Although the intensity of the green image of the upper column was stronger than that of the green image in the lower column in Fig. 3a , Mg was visualized diffusely in the lymph node. It is believed that the appearance of background color for light elements is due to the Bremsstrahlung effect produced when ion-beams pass through matter rapidly. Furthermore, the preparation of paraffin-embedded samples for an in-air micro-PIXE analysis is simple and easy. While PIXE analysis has the benefit of sensitivity for elemental analysis, the equipment involves a powerful proton ion beam, which is very expensive. If the cost of the powerful ion beam equipment can be reduced, PIXE can become a more familiar and useful elemental analysis method for investigating environmental health. This may be achieved by a progress in the study of PIXE by more researchers to elucidate of the environmental disorders.
The sensitivity of PIXE analysis using standard reference material in the marcoporous cation-exchange resin (Macro-Prep 25S) was previously determined [14] . When 270 parts per million by volume (ppmv) of Al-containing or 135 ppmv of Fe-containing resin was analyzed, PIXE detected 100 ± 16 count or 33 ± 11 count/pg with a nanoclone beam irradiation, respectively, suggesting that PIXE analysis can detect Al or Fe to have one pg element in the tissue. Although we have not determined the sensitivity of Si and Mg using Macro-Prep 25S by PIXE, the sensitivity of other elements such as S, Ca, Mn, and Co was found to be similar to the sensitivity of Al or Fe. Therefore, detection limit of Si and Mg might be also similar to that of Al or Fe.
The presence of aluminium in lung parenchyma and hilar lymph node was detected by PIXE analysis in this study. It has been reported that exposure to aluminium from welding fumes induces pulmonary aluminosis [24, 25] , and the inhalation of aluminium into lung parenchyma was revealed by PIXE analysis in our previous study [26] . Therefore, the presence of aluminium in this case may be due to exposure to welding fumes since asbestos does not contain aluminium. Since this case had a history of occupational asbestos exposure and bilateral pleural calcification, the results of elemental analysis by PIXE detecting Mg, Si and Fe may indicate the inhalation of asbestos into the lungs.
The lymphatic system is an important route for asbestos relocation to the extrathoracic and intrathoracic organs, where the asbestos content of the hilar lymph nodes can exceed that found in the lungs by 3-40 times [27, 28] . Shorter fibers can be phagocytosed by alveolar macrophages and removed by ciliated epithelium in the proximal airways [29] . Asbestos accumulation in guinea pig macrophages could still be seen 2 years after a 6-week exposure to amosite [30] . Similarly, our results indicated that macrophages were accumulated and co-localized with inhaled fibers in the hilar lymph nodes suggesting that macrophage migration does act as a mechanism to transport small inhaled fibers from the lung parenchyma to the hilar lymph nodes. Interestingly, the inhaled fibers were still co-localized with the macrophages as much as 40 years post-asbestos exposure.
An immunohistochemical analysis in rats with asbestosinduced pulmonary fibrosis showed that macrophages first accumulated at the specific locations where fibers are initially deposited and subsequently, result in SMA expression in the adjacent developing lesions [10] . Consistent with these findings, the immunohistochemical analysis in our study also demonstrated that macrophages and SMA were accumulated in the right hilar lymph node where small inhaled fibers were translocated in the human body. The results indicate that inhaled fibers may be translocated from the lung parenchyma to the thoracic lymph nodes. The inhaled fibers may be also involved with the expression of EMT markers such as SMA, vimentin, and bcatenin indicating EMT processes in local tissues. Previous studies reported an increased risk of non-small-cell lung cancer in patients with asbestosis than in those exposed to asbestos but do not having asbestosis [31] . This case had lung cancers without evident pulmonary fibrosis, indicating that history of heavy smoking rather than occupational asbestos exposure causes carcinogenesis. Maeda et al. reported that continuous exposure of T-cells to asbestos exhibited enhanced binding of vimentin to asbestos [32] . Consistently, our results showed that hilar lymph node accumulated the elements of Mg, Fe, Si, and Al along with highly expressed vimentin and SMA around fibers visualized by polarized microscope. Vimentin and SMA are well known EMT markers. The development of EMT is a key factor in the pathogenesis of cancer and pulmonary fibrosis [7] . Therefore, the EMT, in this case, may accelerate carcinogenesis by increasing vimentin and SMA expression in addition to cigarette smoking. However, further studies are needed to examine the relationship between EMT processes and carcinogenesis after asbestos exposure.
In summary, more small inhaled fibers were found in the hilar lymph node rather than the lung parenchyma in a patient exposed to asbestos. These fibers were co-localized with macrophages even after a long latency period. Inhaled fibers were similarly co-localized with SMA expression in both the lung parenchyma and the hilar lymph node. This study extends and supports previous research that used electron microscopes to examine the amount of inhaled fibers in various organs, and shows that in-air micro-PIXE may be useful for estimating the distribution of inhaled fibers in various organs. 
